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PREFA(CE

Hith stldv reported herein w a petrformed by personnel of the (;.tcchn ia]

I .bor torv ((;I,) .1nd Instrumentat ion Services D) ivision (I SI)), US Army Engineer

Waterwavs Experiment Stat ion (WES) , during the period I July 1982 through

1 Jlv 1984. The investigation was sponsored by the Belvoir Research and De-

,e lopment Center (BRADC), formerly Mobility Equipment Research and Development

omm.ind (MERAD(IM) Fort Belvoir, Vir,;inia, tinder Project Order No. A2239.

'The M.RADCOM lt chnical Monitor was Mr. A. H. (;ranahan.

The. projlect was conducted under the general supervision of Dr. W. F.

Marc',so II. Chif, CL, and tinder the direct supervision of Dr. A. G.

Franklit, Chief, Flirthquake Engineering and Geophvsics Division, GL. The re-

port w.i. prepa red by Messrs. R. F. Ballard, Jr., and T. B. Kean II, Dr. R. 1).

lewis, All (t (;L, and Mr. G. E. Smith, Jr., ISD.

(1- Tilford C. Creel, CE, was Commander and Director of WES during the

prepar.ation of this report. Mr. Fred R. Brown was Technical Director.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)

UNITS OF MFASUREMENT

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

, tltipl.v By To Obtain

feet 0.3048 metres

inches 2.54 centimetres

miles (W. S. statute) 1.609347 kilometres

pounds (force) 4.448222 newtons

pounds (force) per 6.894757 kilopascals
square inch
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AtrIVF DETE cTION OF TUNNEL1S BY INDUCED SEI SMIC SPECTRA

PART I INTRODUCTION

-Ba c k atround

I The p, ,lem ot det ect ing and locat. ing c Iandest ine subterranean

a. I vIt Ies ha s leon add tussed tor a number of years. Various geophysical

mrthods thought to be app licable to the problem have been evaluated at a
v.itietv of sites and under a variety of geologic conditions as described

by Ballard tlQN2f. Manv of these techniques have been applied from the

grot d surtac e as well as in boreholes.

To date, onIv those geophysical techniques used on the ground

stutra(v or subsur face geophysical methods which originate in boreholes have

shown .1"',' promiSt irl the detection of underground tunnels or cavities.

li,nrnel detect ion by temote sensing methods has proved to be relatively ineffec-

tivu. ri use of satellite photography, infrared imaging, etc., can be

uerd to detect road work or surface spoil areas. However, deep-based tunnel-

r1 ,' activitv has, thtls far, eluded the state-of-the-art high-altitude remote
sensing technology. Such methods is surface electrical resistivity, micro-

gravity, ground-penetrating radar, crosshole seismic, and radar techniques

have proven to he effective tinder the geological conditions which are conducive

to each of the methods.

3. The thrust of this research effort has been directed toward the

application of crosshole seismic techniques. Recent work at the U. S. Army

Engineer Waterways Experiment Station (WES) has led to the development of

a downhole vibrator system which can be accurately controlled over a frequency

rangt- between ')0 to 500 Hz. The device has been successfully used in the

determination of shear-wave velocities of rock and soils between the vibrator

and receiver. In the course of investigating many sites throughout the

United States, it has been observed that earth materials exhibit discrete

frequency spectrum characteristics which can be attributed to many different

fa(tors, some of which would be the granular structure, density, moisture

content, state of stress, etc. This observation leads to the suggestion

that earth materials can be characterized by their wave propagation spectra

in a manner analogous to optical spectrographic analysis procedures used

4



tn othe r ticds. Thetrefore, it an anomalous condit ion such as a tunnel

S1hould alppear between holeholes in the geophysical seismic survey, its presence

should ha.ve an effec t on both the arrival time of the seismic sirnaI and

its I rcquene v content . The dej6y e of chan - of the total seismic signature

III frequiency content , amplitude, and arrival time is the primary factor

whic h is addressed ini this effort.

0 bj _ ct -iy 'c

l. The br ad ob )ect iv. of this project is to determine the modi I ica-

t ions imposed on a se smic signal originat ing from a repeatable source caused

hv the presernce ot a tunnel. It has already been established by Price (1982)

and others in previous studies that the time of arrival of the seismic wave

trit7 will be lengthened by the presence ot an air-filled void (tunnel).

This phenomenon results from the addit ional time the signal must take to

travel a round the cavity when traveling from the source to the receiver.
ihe se. stindies have prompted the following specific object.ives: (a) identify

,h(. seismit wave types that are influenced by the presence of a tunnel,

i- determine whether or not receiver orientation (vertical or horizontal)

would enhance the ability to detect a tunnel, (c) to determine if frequency

hirlyje and amplitude loss can be directly associated with the presence of

Approa ch

WES has acquired two novel seismic sources which are intended

oit borehole use. An inhole vibratory source was developed primarily for

the det.rminat ion ot vertically pol.r ized in-situ shear-wave velocities.

keent experiments using this device have shown that it has potential in

other applitat tons as well. Accordingly, the microprocessor control network

h..s been altered so that the vibrator is now capable of responding to program-

meed swept frequencies, ditr,t' frequencies, and white noise random tCxcita1-

S . . v!.v It i i i I iv.c t ht r~iod-( m txc I ti t i ( i t I Mi t mode ii 1 tt j lit it'll withI

real-time fast Fourier spectral analysis, cross-correlation, and phase rela-

tions have shown that definite spectral signatures are characteristic of

different soil and rock materials. Additionally, the spectral signature



(,iii ht, dtast ic allv altered by the presence of in anomalous condition such

as II ai n t-1 ltd void between two borings as theoretically demonstrated

Iv ivt IIC and POortn. t ( l84). With these present modificat ions, even more

dilaTgnost IC tuneel signatures can be obtained. Typically, if tests are conduc-

ted between two borinps at a number of different elevat ions and the 3pectral

(ontent re(orded, the presence of a "seismic obstruct ion," such as a tunnel

betweUn the holehol.s, will cause an alteration of the frequencies whose

wavui. leng'ths aze (ompat ible with that oI the tunnel's geometrv. Not only

will ertain trequctc mes be absorbed or shiIted to other frequencies by

the p7rsrnc, ot the void (tunnel) but the shear-wave velocity will also

iiu attected (decreased). The second seismic source used at the Idaho Springs

test site was an air gun which was designed for the generation of midfrequencv

rI.I,:c i-wtvts. In th ,i, -.ttitv, )0 to )00 ttz were iised. Since this source is

,t:nt i. Iv repe.ttahl', is tt-;t a were rade in cross1hole fashion at different

-levat ions between the boreholes, alterations in the frequency spectrum

,,old br attributed either to material changes or the presence of aaomalies

In a manner similar to that observed using the vibratory shear-wave source.

6. Tests conducted within the boreholes were designed so that muir_.'ple

.tc.ivers could be located in more than one boring at a time. In the vicinicy

.ic t mnto . tes.ts were cndmted with receivers at varying anis an.l eleva-

t 1. r,).m the source sa th t a two-dimensional (iemetrv of thbe tunnel ibetween

t!- ,rch l,.- mi..,It he in .ati,,Ited by alterations in seismic signatures.

SL oLpe of Report

I vt 0 t I gi umv'r,,us at t em; pts were made to t ransmit . random s ignal

r i, -orthol vibratorv source to receivers located in ad jicent boreholes,

I .rt was tnsucies ul du,. primarily to the relat ively h1ih concent rat ion

vrt i, . Il r.i t tr in,., wh i h was prevalen .rt at the test site and the low force

S......1(10 1,*) generated by the vibrator. As a consequence, this technique

'. hnld Ih11.l And emIphIa Sis was pI ace d upon use of t he a i r gun . The prima rv

( it this report will be placed upon the presentation and discussion

t data (,btlined bv bIuing the air gun as ;I seismic source for the crosshole

ret ". It will also it I iude a brief descript ion of the vibrator concept aind

it-, test because Its app Iicat ion might prove successful at another site.

* A tabit, o' factors for converting 11. S. custonairv units ot measurements to

met r ( (SI) iunits is given on page 3.

6



PART I I : SITE DESCRIPTION AND vFvT'; r IN!)I*(. I

! di a ha _Yp i. S1it _

S. Tlhe tv tt site is located about 1/4-mile north of Idaho Springs,

toli ado , it an a It i tude of approximat ely 8,000 feet. Mine workings and

s ve. il t1unn, I s ]It. owned and operated by the Colorado Sch ol of Mines on

an Vp rI mInt al b.asis. In the late 1800';. the workings were operated as

.i gold M int to t-:s loit the Edgar vein and other less important veins. Rock

in the vi iiitv of the tunneIs consist mainly of intimately interlayered

,eg-Mat it', grani te geiss, amphibolite, biotite gneiss, and microcline gneiss.

hset ,rs rv (ompleXlv folded and cut by pigmat ite dikes dipping steeply

nrt hwe,,t. A mor e detiiled geologic description is available from the '. ,.

aui thte (: olo ridi Sch,ol of Mines (Armkdo m lye'.,

l'* ' the Bolvoit Research and Development Center (BRADC), formerly the

..ol, i I F qu i pment Research and Deve lopment Command (MERADCOM), entered

1:t anla reement with the Colorado School of Mines to make use of the tunnels

as a test site. Several borings were placed from a man-made plateau at

an elevation approximately lb) feet above the centerline of one of the tunnels.

Ihe bori -gs were used by several contractors prior to the construction of

a new adit which advanced the tunnel between several of the borings. Tests

w re then repeated by a number of contractors prior to WES arrival on the

s:t,.. Vi gure 1 shows a surface layout of the borings which were avai lable

from the working plattorm. Most of the borings were drilled to a depth

of approximately 280 feet with a diameter of 6 to 7 inches. The borings

were unased except for PVC pipe which existed in the upper 8 to 10 feet

ot the bor n,s. It had been noted by one contractor that fracturing prevented

the borings from retaining water, which necessitated remedial action by

grouting and redrilling some of the borings. This procedure was not totally

successful, so bentonite was used in an attempt to seal the leaks and retain

more water. This attempt was only partially successful, and w.iter could

only be retained for a short period of time before drawdown occurred. For

WES purposes, it was necessary that water be present only in the air gun

eiesmi( source borehole when conducting the crosshole tests.

7
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Vibratory Seismic Rationale

9. The WES borehole vibratory source, shown in Figure 2, was developed

primarilv for the production of high-quality, vertically polarized shear

waes. The device is normally used for the determination of shear-wave

velocity through materials existing between two or more boreholes. In prac-

tire, the vibrator is locked into position within a borehole by an inflated

zu1ber bladder. One or more geophone receiver packages are locked into

position in a similar manner in adjacent borings at the same elevation as

the vib?.ttor. The borehole vibrator, controlled by a power amplifier and

sin e wave oscillator, is then swept through a frequency range of approxi-

mately 5( to rO(( H'. The receivers are constantly monitored during the

• , , ;t :1,v Wcc,, .111 t st , t cqucn, ics which prop.I,,,itv we I , .is Cviden(ed bv

:I t ,I . , i i t jIIdt , .Ire i- tekf.d . A tone burst gener:tor is then used to transmit

,i burst of a given number of signal cycles, usually eight, of one of the

chosen frequencies. A geophone incorporated within the vibrator body is

used as the reference standard to compare the phase delay which is recorded

by the receivers. That difference in travel time, when combined with the

distance source and receiver, is used to determine the velocity of the shear-

wave within the medium. Using this procedure at a number of different test

sites throughout the continental United States, it has been observed by

WES personnel that different sites exhibit markedly different preferences

for frequencies which transmit well. In other words, the earth materials

act as i-:ds filters for specific frequencies. Also, when anomalous

conditions occur, such as highly fractured rock or possibly air-filled voids,

a noticeable decrease in received high-frequency signal content can be oh-

.A-1VC.i .i , no t-d hv ( utrr., (110 8 0 .

10. Since the vibrator is an electromechanical device whose performance

can be controlled by electrical signal input, experiments were performed

on the WES reservation to determine the uniformity of signal output if a

white noise random input source were used as the controlling factor. White

noise was chosen because it has the characteristic of equal amplitude content

In all frequencies. Consequently, signal loss in any frequency band can

be related to energy absorption within the medium. The amplitude spectrum

of the borehole vibrator in the random excitation mode proved to be essentially

uniform over a frequency range of 80 to 500 liz. This plot is shown in Figure 3.

9V
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Wfii iv this test was beiny conducted, a receiver was placed at the same depth

.' teet in .in ad Jac.nt borehole, approximately SO feet laterally from

the b1orehole vibtat orv source. The amplitude spectrum received at this

geophone is shtwn in Figure 4. It (an be seen from this figure that the

peak trequencv on this curve is approximately 225 Hz. This compares quite

well with other observat ions using a swept sitc-wav.. frequency; a frequency

ot 221 Hiz exhibited less signal attenuation or loss than any other frequency.

II. As previouslv stated, tests of this type were attempted at the

Idaho Springs, Colorado site, but the highly vertically fractured material

caused such severe signal losses that no reliable data could be obtained.

Several attempts were made using iifferent borings and elevations within

the borings before it was decided that further attempts should be abandoned.

All of the crosshol, data obtained at this bite used an underwater air gun

as the seismic source. These tests will be described in subsequent paragraphs.

Air ;un Seismic

12. The Bolt DO0 air , is i pneumatic.0llv chargeable, electricallv

fired device (preseintlv under study for use as a multi-wave generating source).

The ait gun system (onsists of a high-pressure air or gas source connected

to the gun through a high-pressure teeder hose and a battery-powered firing

control box connected to the gun through a stress member reinforced co-axial

cable. The air gun system is usually used in offshore seismic reflection

surveys; therefore, in order to use it as a crosshole survey source, several

modifications have been made. Because the .ystem is normally mounted on

a marine vessel equipped with high-pressure compressors, the first modifica-

tion had to be the air pressure supply system. The system now uses 2,500

pal nitrogen bottles to supply the re4uired gas pressure. This decision

had two beneficial effects; it eliminated (a) the need for a large volume

compressor with its attendant logistic problems, and (h) high background

seismic noise problems caused by running of a compressor.

1H. In addition to the gas modification, two additional modifications

were made to the air gun; (a) a piezo crystal accelerometer was added to

the firing system by the factory (this modification was needed to activate

the recording seismograph), and (H) a hydrophone was suspended 5 inches

below the gas exit orifice to sense a "zero time" for the pulse initiation.

12
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I vThe I v e I' v 111 units used in this exper iment were two (ali br at ed

do wnhI,,Ic t I I.,× . I yo pthori set s (Mark lrodit I s L.-P)- -IDSWC ). Each t riaxia I

e hone' set ioils I st ed ot otit vt't ical geophone and two hor i zontal geophones

mo %in t e d at t i g t IingIe s t o one anot he T. Thes: downhole geophones were handled

by .1 stress membet and Lonnec(ted to the different recording devices through

.In electticalyIv shielded cable. To obtain tie desired geophone-to-borehole

s dewa11 onp(rfg, the downhoIe geophones were equipped with high pressure

int ltatle bladde'rs. In order to minimize ext raneoui, ground noise and vibra-

t ions, these bladders were connected thriough their air lines to nitrogen

bottles instuad ot the usual small-volume compressor generally used to supply

air t o tht. svstem.

1",- In or dr to bui 1 1d some degree of redundancy into the program

and provide on-site "quick look" capability, two data collecting systems

were emploved. One system was an SIE 49R 24-channel seismograph mated to

a 1-channel analog tape recorder which was used to make analog recordings

of the wave trains. These recordings were later returned to WES where they

were digitized and processed hy the Instrumentation Services Division.

(This procedure is described more fully in the "Data Reduction" section

of this report. ) The second system was the EG&(; Geometrics ESI2IOF digital

12-channel seismograph which was used to make permanent hard copies of the

tests so that each test would have a uniform relationship. All tests in

the crosshole series were conducted with amplifier gains pre-set at an optimum

level and unaltered throughout the tests so that all data could be directly

compared on a relative basis. To maintain this standardization and because

the SIE recorder combination did not have enhancement capabilities, single

shots of the air gun charged to 500 psi were used with both of the two seismic

recording systems. The sequence used to record each event was one shot

with the EGt&C connected to the receivers and another single shot in rapid

succession with SIE and tape recorder connected to receivers.

lb. A variety of test geometries were employed so that various wave

reactions to an anomalous condition could be studied. Tests were conducted

by repositioning the source and receivers at various elevations in different

holes. Figures 5 through 12 show plan (a) and profile (b) views for all

test conditions reported herein. Tests were numbered consecutively. Each

test number is followed bv a letter designating the borehole in which the

receiver was fixed. The scheme of the data acquisition program intentionally

14
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il lowed tor the ccie t ion of more data than would be used for analysis.

In ottde to make this report as concise as possible, only those tests which

st ved to illustrate the methods used were selected for presentation.

17. The test patterns fall into three basic types. The first pattern

is the "Common Depth" crosshole test. This test is used to search first

tor changes in the velocity of materials with depth, layer variations and,

in this case, the presence of an anomalous condition. In the common depth

k osshole test the source and receiver are both maintained at the same depth

during the test. For this set of tests, 'he source and receiver were raised

in 3-ft increments, beginning near the bottom of the boreholes at a depth

of 184 feet and progressing upward to the 142-foot depth. After this test,

the two units were then raised to 130 feet, 120 feet, and 100 feet, respec-

tivelv. The following are the common depth tests reported herein:

Test No. Figure No.

IF 5

3F 7

ic 8

4C 10

18. The second test pattern used was a crosshole fan or tangent pattern

where the source was held constant in each shot hole at a depth of 162 feet.

(At the time of testing, this was thought to be the tunnel's center. Later

information revealed the correct depth to be about 168 feet.) The geophones

were advanced upward in 3-foot increments from 184 feet, in the same manner

as the horizontal test. The following are the fan pattern tests reported

herein:

Test No. Figure No.

2F 6

2C 9

5C 11

19. The third test pattern, designated Test 13F, was the crosshole

skew pattern. The source was first held at 141 feet, and the receiver lowered

in 3-foot increments until it was 9 feet below the source. From this point,

both the source and geophone were lowered together in 3-foot increments

until the source was at 171 feet and the geophone was at 180 feet (Figure 12).

24



20. Tests conducted at Idaho Springs, Colorado, indicated that cross-

hole seismic tests can provide extremely useful information which, when

propierlv interpreted, can reveal the presence of a tunnel. The techniques

of data interpretation will be addressed in the subsequent section.
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PART Ill: TEST RESULTS

Data Reduction

21. The data which were acquired at the Idaho Springs test site were

reduced in a variety of ways. The records obtained on the EG&G seismograph

Were not recorded on tape. Consequently, their use were limited to optical

displays. A separate analysis using these records will be discussed apart

from data obtained on analog tape.

22. That portion of the field data recorded on analog magnetic tape

i tl .in 4I4F .,-R S- ismog raph and a RACAI. 7 D. 7-c hannel FM tape recorder. Tape

lt''d wAS .i7 ips whth pr,-vi. h.indwidth of D.C. to 1.25) Hz. The data

wer.t irt iiiitizd .t a latt' (if 20,000 hamples per second. rime resolution

, .. mse, p r stmplt. and .I , rrt. spondin Nvqulst frequency of 10.000 Hz

wet re obt.t l e,]. Ii i' di itizin,, ratt" far tx Ceeded tihe frequaency handwidth and

timt r.ve ltition o! b,th the ret ording equtp ment and recorded signal.

2i. In preparatin tor anIlvsis, two tvpes of reduction were performed

, t he d igit ized dat. I lme, dorm in l lavb ac k s were produced and vi sut I Iv in-

sp ( ted t,, de t vrmint. ,neral si.aI trtaratt rist i -s itth a s time of -Irr ivalI

and amplitude stand-out. They were also compared to digital data taken

in the field by an EG&G 1210F, 12-channel seismograph. After the quality

of the data was established, frequency domain techniques were employed to

study the propagated seismic energy.

24. The frequency domain studies were performed using Fourier analysis

techniques. Fourier analysis is the analytic decomposition of a wave form

as a weighted series of sinusoidal functions. This decomposition is done

via the Fast Fourier Transform (FFT) algorithm as suggested by Rabiner (1975).

For the digitized record, consisting of N discrete values, the Fourier

transform is defined as:

N

X(k) * 1 E X(i) exp( "_i 2 ?i) (1)
N N

il

where

X(k) - the (-omplex) Fourier transform coef fic lent for the kth

frequency component

X(i) - the i h discrete value of the input time domain wave form

26



N the totI Ii nmbe tt ii point s in t hi I ev ord

)IvIsion i. t ht toti l number oI porI t I i the record is done to normalize thi.

T , ' t i !1 " %It.l tt . " , ., , 1 1")r i -. .' ' ? ,. h ... . t., .,- ,. - ' t i t , t ,, f i ('i '.I t '- ()I

.inh3.,ld.i ;,'l- ,,:,iI. 't I ,, iT]i l t -a r ii", - iv ,iw li . .;r,., d is ;

X= I

"hctoltee, the Fouriter serI es coefficients ire the amplitudes of each

frequentv compontnt in the or iginal time series wave form. (Note that the

Four ier coeff i c ,ents aTe complex quant it ies. In this report the modulus -

phare not ,t ion for .omplex numbers is used. The Fourier modulus and phase are

referred to as the amplitude and phase spectra, respectively.)

2. The Fourier coefficients are also useful in determining the amount

of energv a time series has in part icular bands of frequencies. From

Parseval's theorem one has:

xi ( k (3)

This expression states that the total squared amplitude of a time series

summed over all time is equal to the total squared amplitude of its Fourier

tr.inst,,r: .-,rmmed ov r ill i re( .iii i . , .is shown bv R),hiner (191;5). The sum-

mit ion ,in thk. squ,.rcd t ime series ampi] itode over ill et ir. is referred to a.

its energy. Consequently, this theorem shows a relationship between the

energy of a wave form and the square of its amplitude spectra.

26. If one requires the energy content in a band of frequencies,

one simply sums the squared amplitude spectra of the frequencies in that

band. A running summation of the squared amplitude spectra versus frequency

will display the total cumulative energy as a function ot frequency. One

analysis conducted for this study utilized the running summation method

of displaying the total cumulative energy (Tests iF, 5C, and I3F). The

displays were normalized by dividing by the total energy. The result is

fraction of total cumulative energy versus frequency. This analysis is

referred to as energy buildrip versus I requeit'v.

"7



-11 v tdi o,(wn li ith jjics uisei in ttoij, rteprt welt' t.ii 'ptI

I t I' I, ;, 'p t I i .1n11d,. c i iii i . l'hit, two t v ht iq ies r I infr

t I ' 'it I 1-, the,'' ',n c%, .irilar in rit rm it Jin di)s l.IVed jIn two (If-

i' t1. WI'. . . i .-,nc I tmi spt.kti-.1 -,'Iiw the' distrihtut (i, ot ct-riv is a

1 !1 ', I rrlv. , , rh ent t'v !t iiiiip di spla. thi, umuilative fr;ct ion

* t . i n.r'.v .1,. 1 11n t i,,n of n. . These mt.t hods do show t hit f re-

It:lt n n ,: It i Itt I , , v.irv as-, seismi c enery,,, is passed nea r

.'.. Along with the two ma jor techniques discussed so far, several

othei protedures were employed for analysis of the data. They included

cross-correlation, phase spectrum analysis, amplitude envelope studies,

and energy bui liup versus t ime. F h ,t these te-chniiues had its merits

and drawbacks.

29. Cross-correlation is a method of determining the degree of similar-

ity between two time series (x and y) when a time lag is applied to one.

The cross-correlation is defined by Claerbout (1976) as:

N
s i) - x (k )y(k+i) (4,)

N

k1

where

s( i) =  the cross-correlation at a time lag of i units.

Note that if the y( ) time series wtere, A time delayed version ot the x() time

,,tr s, thei tht , ross-,.orrI;tt Ion. s( ) . would have a max imum when the time

lag was equal to the delay time between v() and x(). Hence, the cross-

correlation contains, among other things, the time delay information. The

Fourier transform of the cross-correlation is known as the cross-spectrum

and is the amplitude of common frequency components between two signals.

Both of these operations were performed on the data from the horizontal

geophones; however, neither produced any usable insight into the tunnel

identification problem.

30. Another scheme of tunnel identification was to explore the possibil-

ity that the tunnel produced a dispersive effect. That is. the group velocity,

the velocity at which the seismic energy travels, would be different for

different frequency components. This dispersive effect might be detected

in two ways; first, as a phase shift in particular frequency ranges or a

28



hani in ait i i ,li t itne ,It thc main .cmpl it tide envelope. To stuady t his ef fect.

t he Iphase- spe vt tc i and etive loepe aemp' It ticdes we re used . However, the phase ',P",

"%p, it , ,H h it .1 i'. pci in the cx. ci int-d t reqeovc

Iht, I I.,H 1 H :I Ie itl' !I'l i t c r i- tir S (it thIe .CIilplit idu

vflv~eemay ItV eXploredl IT the teittc when it higher energy seismic source

used. I t i s poss ibile t hact th te d i st ances between boreholes may riot have

been enougih t or dc spur s ion t o be elet v(it cd . Also, any noise present in the

t iei ser ies pi odil. es even more noiseI lin t he phase ;pvct rum. Hence, the

iiiS~t SIeet fe is m.1c. have been hIddeni wi thin this procedure.

31Anot her m-et hod to det ect devietions an group ye) -ity near the

tuninl is the energv ~ h Ii;' tesa in cu ti vi. Hre t he t ract i on If

t otalI e ncig v vcrts u s t ime deIayv i s pl o tt e d. Although this technique shows

somne int ormat ion , i t was riot exploi ted . One of the problems with this method

is not sC . In thi s ( se , thte noi se adds to the energy hici Idiap even th()cIh

,tiv seismic. energy arrival does stand out over the background.

Data Analysis

F(',&(' records-

i -'. The data .enilvsis will be addressed in the following sequence:

First, the time domain signals recorded on the EG6G seismograph will be

discussed, followed byv the digitally-processed data obtained on the SIE

analog tape recorder. The digital analysis was guided by the original time

dlomain records obtained on the EG&G unit. Even though all data were digitally

processed, it was felt that only those tests which served to illustrate

the analysis techniques would be used. Consequently, Tests 3F, 5C, and

13F wer, subjected to frequency domain analysis. Test 13F was also subjected

to further time domain analysis and will also be included.

33. Analysis was performed on the EC.&C data by first re-copying and

arranging the recordsi in order of increasing depth. Then, arrival times,

travel distances, and wave velocities were computed and tabulated.

34. Tests IF, 2F, and 3F were conducted at two different hole spacings.

Tests IF and 2F were between holes C; and F over a distance of about 33 feet.

Test 3F was conducted between holes H and F over a distance of 65 feet.

35. Test IF. Test IF was a commnon depth crosahole test illustrated

a in Figure S. The time domain signals recorded at each depth are shown in

Figure 13. Table 1 is a tabulation of P-wave arrival times and associated

29 -
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loi it Ius. Fest IF showed Lonsistent arrival times of 3.5 msec until a

dpth of lhh feet was T aL hvd. At ti1s t ime , the presence of the tunnel

L .11 t,, seen. ;%'ithin the t uinncl zone, time delays of about 1 inset or a total

lapsed t ime oi 4.., ms,, were prevalent . As testing progressed below the

hot tom of the, il . tic' -wve ir iva C, ' I .iri. , iI c urri'd it ). S mse

lint II a more competent ,onv was rached at a depth of 184 feet, at which

t ime the 11-wave arival dec reased t, 2 . S msec . Velocities are plotted as

a utiLt tion of depth in Figure 14. Tht v averagd about 9,400 fps above the

tunnel to a low of 7, )( tps when the tunrie was encountered. The competent

.:one, it a depth of 184 feet, exhibited a P-wave velocity of 11,000 to 13,000

lps. Observing the' time domain signal, one can see an apparent phase shift

and the signal is severely attenuated because of the presence of the tunnel.

if). Test 2F. The plan and profile views of Test 2F are shown in

Figure h. The test was conducted by holding the source constant in boring

(I at a depth of 162 feet and moving the receiver in 3-foot increments in

hole F. This resulted in a fan-type pattern. Observing the time domain

plot in Figure 15, the first arrivals of the P-wave were determined and tabu-

,itt. ,0 11, '. !c sh,,rtcst Jjst.nc-, b,twcen sourre and receiver would,

* , .! . * it .i !h th ,,! I.' tvcl. A4 the receiver moved in 3-foot incre-

r~et ~ e II thi mwit Th c . .ie to the receiver inicreased.

Using these distances divided by the appropriate arrival times, apparent

velocities were computed and plotted as a function of receiver depth in

Figure l0. This presentation yielded a rather explicit "picture" of the

tunnel because of the radical decrease in the velocity when the wave travel

path was interrupted. The test conducted at a depth of 162 and 163 feet

showed marked decreases in signal amplitude. However, an increase in ampli-

tude was noted from a depth of 167 feet to 184 feet. This apparent increase

in amplitude could not be explained.

17. Test 3F. Test 3F was a commnon depth crosshole test with the

seismic source placed in hole H and receivers simultaneously in holes F

and E. Plan and profile views are shown in Figure 7. The data acquired

in hole F were not of sufficient quality to warrant in-depth analysis.

This was because the decision was made to keep all gain controls at the

same setting so that relative comparisons between different locations could

be made at atiy time. As a consequence, the amplitudes were too low for

accurate measurement of first arrival times. Figure 17 is the EG&C time

domain signal recorded in hole F. The tabulated velocities and first

it
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but the funne I was approxim itelv hal way between source and receiver as

opposed to the other test where tile location of the tunnel is closer to

either the source or the receiver. The tabulation of arrival time, distance,

and associated velocities are shown in Table 6, and a plot of velocity as

a function of depth is graphically displayed in Figure 24. The time domain

signal shows not only time delay in the tunnel zone but a loss in amplitude

and high frequency signal content.

•41 . Test Sc. Observing Figure 1 it will hCi Mt''l that Ft.et was

tonducted between the same borings as Test 4. The test configuration was

different, however, in that the source was maintained at a constant depth

of 162 fret and the receiver moved in increments of 3 feet in borehole C

to create a axn-t'pt, effect. The signal quality observed in Figure 25 (time

domain as a function of depth) is quite good from a depth of 142 feet to

184 feet and the tests conducted at a depth of 163 feet, which is common

with Test 4C, ,xhihi ,i c,,nipir.blt si T1Itirt.. "tTh. ta ibulation of arrival

times and computed velocities are shown in Table 7, and the kr.tphic display

of these velocities as a function of depth is Figure 26. Although it will

be observed that the general pattern of velocities shows a decrease in the

area where the tunnel is located, the fan-type test does not appear to be

as definitive as either the commnon depth or the offset depth tests for this

case.

SIE records

42. Data acquired using the analog SIE seismograph and associated

FM tape recorder were analyzed in greater detail than the previous data

acquired with the EG&G unit. The previous section on data reduction discussed

in some detail the procedures used to present the data in a manner favorable

for in-depth analysis. This discussion of in-depth analysis contains only

that data which was considered representative of the entire test series

at the Idaho Springs site. Only those methods which were thought to have

given a positive indication of the tunnel's presence are presented herein.

43. Fourier (FFT) analysis of the seismic wave train provided a great

deal of additional information concerning the identification and delineation

of tunnels located between boreholes. It was demonstrated that the FFT

analysis provides data which allow the dete rmination of the tunnel locat ion

from the frequency and amplitude effects of the wave train due to a tunnel-

seismic signal interaction. Different portions of the tunnel cause different

41
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I., 1/',,1 78, and 181 feet. These four travel paths have the longest ,ppar-

,t I I.Iv, 1 t imc. trou .h t hi timii l .ind hiliild demonst r at t he ,.reate st se.is mi-

W, 1,ve" tunnl.I nitt Vra(t Iin effects. As can be seen in Figure 30, in all four

A ,. S th IT utdominant signal strength fiom 250 to 500 Hz is greatly itteti-

t, :. " i .I ..t, 21-1 4 t hI'll t hi!i n ih I; I b ' C I-II hCt Wt ITI 100 and 220 1 Hz ITi

.hots 1 ,, I 78, 181 , and 184 feet. All of these last four travel paths

II t It Iih the lower half of the tunnel where an energy tail Idip wils do u-

mr:tcd it I his t i qupencv range for Tests IF and I3F. The lack of a larger

, 'II II II ,. .a I! crp ic :i i, c e m . III !'It- LI t ti- int(l i .it ion ti seismi c

W~i\U t I.Av( I pitt an t at lonship to the tunnel. In Test 5C the seismic

tav. tYii n tf shots 175, 178, 181, and 184 feet actually have an apparent

t ravel Ipath fr .a significant distance in areas above and below the tunnel

I. tIh Wt IV ShowT in IF and 1 IF to highly attenuate the seismic signal.

Due to this sIt nat i on , .1 1'1 1 f tiilentcY Sth it t mav iot he achie ved.
Ih. est _F (F renc v Domain). The results of Test 13F are similar

to T est 3F (Fi,.i!r. I]) except for the shorter travel path and the tunnel

location which is closer to the transmitter than the receiver. In shots

14 4, 147, 150, 153, 159, and 180 feet, an unaffected signal is recorded

.it Y iitt ot t ht Ilitrg",y i i Id i dp at t re(Iienl'ies from 3 30 to 450 Hz (Figiure

1w. r.r t, raitlil i ,-. in I'est I 3F art higher than Test IF due to the shorter

travel distance in 3F. Although this is only a small dispersive effect

over a short distance, it will greatly increase with longer travel times.

Such phenomena need to be carefully studied before an undocumented tunnel

is investigated in the frequency domain at larger drill hole spacings.

In shots at 140 and 156 feet, weak coupling between the drill hole wall and

the seismic source or the geophone results in a poor signal strength. Shots

it 162', 1). anlh IS feet demost rate the samet, siginal attenuation above the

tunnel, as documented in 3F. As before, most of the energy above 220 Hz

has been filtered out. At 171 and 174 fcet (ray paths which transect the

lower half of the tunnel ) ,1 l.r ge energy shift from hi4hter to lower frequen-

cies is evident. This is similar to case 3F, but in this instance a much

larger portion of the energy is transformed from higher to lower frequen-

cies. This frequency shift appears to be more than 100 Hz with almost all

of the energy In the signal now being under 270 Hz. Test 13F also has one

travel path (177 feet) which passes near the tunnel floor where the signal

52
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1', it t cnu.i t ud or til tert it the , same way as above the roof . b i t intl at e

i IlmI I .t, boit not a s ext e. ;t s %' . st res!fract uri rg ev gme i n the trinne I

. me Whim, in) . pi ina .1,1 p ,,; 
• 

ot this di scos. i n

,. it l I .t ,,t v the si gnI t i cance of ident it iabl, events wh i (h influence

th v t, nt iit. wav signature at the reeiver over a t ime domain of approximately

,() mill set onds after initiation of the seismic puls,. In addition to the

it rst air ivi I ot the P'-wave . which under o(rdinarv ( ircumstances will be

th 'ho te, st t I avel path, other t ravel paths wi I I he discussed. The presence

ot an air-tilled anomaly (tunnel) etween the two boreholes creates the

possibi I itv tor mult iple reflect ion, refract ion, and diffraction, and some

ot thest possibilities will tie addressed.

4h . One secondar\y source thought to be a pt mary influencing factor

on tht. overall wave train is the reflection that o(tturs when the initial

w.-Ive entoluntets the ,it -tilled tuntitI . The length ot its travel path will

ohviousl\ oc related to the posit ion ,t the sourt-e and receiver relat ive to

..c! po i t ion ot, the t krini', I In the ondiit I of lVest I ff. the- sequence

began with the sourcer and receivet at a 'ommon depth well above the top

of the tunnel. As the sourte and receiver were lowered in the boreholes,

the t tavel path ot the reflected wave became progressively shorter until

it was almost equal to the length of the direct wave path. This occurred

with the source at a depth of 156 feet and the receiver at a depth of 1b5

feet (the top and bottom of the tunnel are at epths of approximately 1b1

feet and 172 feet, respectively).

49. A schematic of the test co:l tept is shown in Figure 33. Note

that in addition to the straight-linte travel paths between source and receiver

the possible paths of the reflected signal from the top of the tunnel are

also shown when the source and receiver were positioned bove the tunnel.

A. third event, the arrival of the rel lecte'd signal trom the ground surface,

will Aso he ;,rnsIdrt'd. Alt hoililmI rznmtroiws ,ither po,.iiJ Ilit ies t or ref lec-

tins prihthlv t'x st, ttI di.scuss oi will he con cluded with the diffraicted

it .i I which occurs when the tunn i I ites between the source and receiver.

')O. A tabulat ion summarizing depth of source and receiver, distance

to the receiver by way of the direct travel path, a reflected and diffracted

signal from the tunnel, and a reflected signal from the ground surface is

compiled in Table 8. The corresponding P-wave travel times related to each

11 tj

'I 9



H O LE '0 " 
HO LE F °

6 O F4 
k L CE I vLR

100 C)oo 
1

110 /

.,..., Sur foce Reflected Wavo

Trlbel Palth

120 i

13 10 SCA0

11IOc? T8e.Si PoC1 A

140 - iao ,Eo¢od Tfs..l Path14

-1-4

., " - 14 7

o - - z/,,

1660

--- _163

1 6 0 . ... - -
-UN E L T : -) - . - 7

ITO

TUNNEL162

II le
I 100

465

Igo



of these vvents aze also shown in the tabulation. This tabulat ion will

be used in con luRct ion with the tim. domain signal to discuss various events

which ian he observed on the seismic signature.

)I . Figure 14 shows the digit ized time domain signal recorded by

the vert ical receiver over a period of approximately 50 milli ,onds in

eaikh of the 14 shots. The first event which can be readily observed is

the arrival ot the first signal which is the l'-wave train journeying along

the shottest direct travel path between the seismic source and the receiver.

A tat,ulation of these travel times appears in column 7 of Table 8. When

the tunnel beyins to affect the length of the travel path (Records 10-13),

it can be observed that the signal is diffracted and delayed when compared

to the ininterzupted direct travel path. A maximum time of 8.5 msec, a

delay of about 4 msec, will be observed on Record 12. In this case, the

lokations of s,urce and receiver are almost on an imaginary centerline through

the central part of the tunnel. The presence of the tunnel also affects

the signatute of Recoids 1-6 which are located well above the top of the

tunnel. A high degree of distortion in the el,,,sed time frame of 5 to 12

msec is caused by the signal reflected from the top of the tunnel arriving

about 1 to 2 msec later than the direct wave. Compare columns 7 and 8 of

Table 8. This distortion can be used as a possible tunnel identifier.

'U2. A pos-,ible diffracted path was also computed using an average

velocity determined from the direct path measurements. As an example, shot

no. 14 was recorded with the source at a depth of 171 feet and the receiver

at a depth of 180 feet. The direct travel path was 47.5 feet and a possible

secondary path would have been around the top of the tunnel resulting in

an overall distance of about 56.0 feet. Its travel time would have been

about 1 millisecond longer than that of the direct path. However, no notice-

able effect from this theoretical possibility is observed on Record 14.

This diffracted arrival either did not exist or its signal amplitude was

too small to cause a visible distortion.

",. )bs-rvnv,. Records I and 14, It can he seen that a primary reflec-

tion (circlel) occurs at a time. of 27.5 msec on i(ecord I and at a tirme of 34.2

msec on Record 14. Using these times in conjunction with appropriate source-

surf ace-receiver dist ances, in average vertical P-wave velocitv of 10,250

fps can be computed. Consequently, thee reflections could very well be

the product of the P-wave signal traveling to the ground surface, reflecting

"1'
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trom that interface and ba( k down to the receiver. Using this velocity,

whith was determined trom two high-quality reflect ions, and the known total

distance tot Records 2-11, the predicted arrival time for each was computed

and tabulated in column 9. In most instances, the surface-reflected signal

(an be recognized on the records; however, in some instances, the arrival

of othet events tends to mask the reflection.

"4. Another interest ing observat ion can be made concerning the presence

of the tunnel. During, the construction process, in which drilling and hlas, t-

inc w,r, iiltd, . r er.ct de.l ,I frartirin.w o cii-rTcd in the rock arotind the

t t I'-I I Ik'I I,,: 
'  

A.'MI 1,m 1b, I. Ine t I IT1lel raidiuI-) ( 5 fe t t). This observition was

confirmed by the lower velocities measured in this region and supports the

observat ion m.de by King, et. al., (11984). King stated that the construction

effect vtended mole than t feet from a tunnel driven through basaltic rock.

The existent c of these frdttures will also cause severe attenuation of short-

wavelength, high-trequencv signals. Consequently, low frequency signals

would be expected to dominate the seismic signature, as discussed in more

detail in the previous frequency domain analysis. This effect can be readily

observed on Records 11 and 12. Additionally, Record 12 shows near-perfect

in-phase merging of the diffratted signals which traveled around the top

and bottom of the tunnel re-uniting on the far side. This can be explained

by the fact that the travel paths are virtually equal around the top and

bottom of the tunnel. Record 11 , however, shows distort ion ,11used bV

slightly out-of-phase signals which traveled around the top and bottom of

the tunnel. In this Lase, the travel path is appreciably longer around

the bottom of the tunnel than around the top of the tunnel. Consequently,

the time domain signal readily shows the distortion caused by the slightly

later wave train lagging and combining with the first signal.

V). In most cases, the S-wave arrival was very difficult to determine.

Observing Records 1-4, a distinct wave train arrival can be seen occurring

in the 12 to 13 msec range. This wave train, even though somewhat distorted

by the first primary P-wave reflection from the tunnel, is most likely the

S-wave. Its velocity is about 3,800 fps. As testing neared the tunnel,

the S-wave arrival became incoherent. Record 14, however, displays a promi-

nent wave train arrival at an elapsed time of 18 msec. This signature can

be traced and overlain on Record I to establish a correlation. Since the

63
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